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doi:10.1016/j.jtcvs.2005.09.005bjective: Neonates with congenital heart disease might require surgical repair with
eep hypothermic circulatory arrest, a technique associated with adverse neurode-
elopmental outcomes. Antegrade cerebral perfusion is thought to minimize isch-
mic brain injury, although there are no supporting experimental data. We sought to
valuate and compare the extent of neurologic injury in a neonatal piglet model of
eep hypothermic circulatory arrest and antegrade cerebral perfusion.
ethods: Neonatal piglets undergoing cardiopulmonary bypass were randomized to
eep hypothermic circulatory arrest or antegrade cerebral perfusion for 45 minutes.
nimals were killed after 6 hours of recovery, and brain tissue was stained for
vidence of cellular injury and for the apoptotic markers activated caspase 3 and
ytochrome c translocation from mitochondria to cytosol.
esults: Piglets from the antegrade cerebral perfusion group exhibited less apoptotic
r necrotic injury (4 3 vs 29 12 cells per field, P .03). The piglets undergoing
ntegrade cerebral perfusion also had less evidence of apoptosis, with fewer cells
taining for activated caspase 3 (57  8 vs 93  9 cells per field, P  .001) or
howing cytochrome c translocation (6  2 vs 15  4 cells per field, P  .02).
onclusions: The use of antegrade cerebral perfusion in place of deep hypothermic
irculatory arrest reduces evidence of apoptosis and histologic injury in neonatal
iglets. Neonates with congenital heart disease might benefit from antegrade cere-
ral perfusion during complex cardiac surgery to improve their overall neurologic
utcome.
eonates with congenital heart disease are at high risk for neurologic injury.1,2
Although the cause of injury is likely multifactorial, one strategy to reduce
the risk of neurologic injury has been to modify intraoperative techniques.
pecifically, although cardiopulmonary bypass (CPB) with deep hypothermic circula-
ory arrest (DHCA) allowed surgeons to attain a bloodless operative field for optimal
perating conditions, an increased risk of seizures occurred postoperatively,3 and a
igher incidence of poor motor scores, visual spatial skills, and speech scores were
ound at the 4- and 8-year developmental follow-up examinations.4 A newer
echnique involves the use of antegrade cerebral perfusion (ACP) during hypother-
ic CPB to selectively perfuse the brain while allowing for repair of complex
ongenital heart lesions. However, there are limited experimental data to support its
se.5-7
We used a piglet model of CPB to compare the degree of neurologic injury after
CP or DHCA. Injury was assessed histologically, and specific markers of apopto-
ic injury were compared. A piglet model was chosen because of its similarity in
eight and brain development at birth to the human neonate.8 In addition, this piglet
odel of CPB with DHCA has already been shown to induce apoptotic brain
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CSPnjury9,10 by morphology, terminal deoxy-
ucleotidyl transferase-mediated dUTP nick end labeling
TUNEL) staining, and caspase 3 and caspase 8 activation
n neurons of the neocortex and hippocampus.
We studied specific markers of apoptosis because apo-
tosis is known to play a prominent role in the evolution of
ypoxic-ischemic injury in the neonatal brain.11 Caspase 3
as assessed because it is a major effector protease in the
xecution of cellular apoptosis. We also studied cytochrome
translocation because it is released from mitochondria and
articipates in forming the apoptosome, which activates
aspase 3 through the intrinsic pathway. We hypothesized
hat the piglets undergoing ACP would have reduced neu-
ologic injury on brain histology, specifically with less caspase
activation and cytochrome c translocation. These initial
tudies assessed the induction of apoptosis at an early sur-
ival time point.
ethods
xperimental and Surgical Protocol
ll procedures were carried out according to a protocol approved
y the Stanford University Animal Care and Use Committee.
ixteen neonatal piglets (2 weeks of age, with an average weight
kg) were anesthetized with intramuscular ketamine and xylazine
nd intubated, and a midline sternotomy was performed. The
scending aorta (10F), right atrium (18F), and right carotid artery
6F for ACP) were cannulated after heparinization (400 IU/kg).
nesthesia was maintained with isoflurane and intravenous fent-
nyl, and paralysis was achieved with pancuronium before initia-
ion of bypass. Rectal and nasopharyngeal temperatures were con-
inuously monitored. Use of these peripheral temperature probes
pproximate deep brain temperatures within 1°C.12 Intraoperative
emodynamic monitoring was achieved through a femoral artery
atheter and jugular venous central line. Two control piglets were
nesthetized, cannulated, and heparinized but not started on CPB.
dditional naive control piglets (n 3) did not undergo operations
nd were killed.
ardiopulmonary Bypass and Perfusion
he CPB circuit consisted of a roller pump, membrane oxygenator
Minimax; Medtronic Bio-Medicus, Minneapolis, Minn), and ster-
le ¼-inch tubing. The circuit was primed with blood previously
Abbreviations and Acronyms
ACP  antegrade cerebral perfusion
CPB  cardiopulmonary bypass
CREB  cAMP response element binding protein
DHCA  deep hypothermic circulatory arrest
H&E  hematoxylin and eosin
NMDA  N-methyl-D-aspartate
TUNEL terminal deoxynucleotidyl transferase-
mediated dUTP nick end labelingarvested from a donor pig mixed with crystalloid prime solution a
60 The Journal of Thoracic and Cardiovascular Surgery ● MarcNormasol; Abbot Labs, Chicago, Ill) to maintain the hematocrit
alue at greater than 30%. In addition, dexamethasone (30 mg/kg),
eparin (2500 U), mannitol (0.5 g/kg), and sodium bicarbonate
20 mEq) were added to the priming solution. CPB was then
nitiated, and the animal was cooled to 18°C over 40 minutes at a
ump flow of 200 mL · kg1 · min1 by using pH-stat arterial
lood gas management. The piglets were randomized to DHCA
n  7) or ACP (n  7) for 45 minutes. For the arrest period, the
orta was clamped, and cold cardioplegic solution was adminis-
ered to the aortic root (Plegisol, Abbot labs). For those animals in
he ACP group, the proximal innominate artery was clamped, and
CP flow rate was maintained at 40 mL · kg1 · min1 with
ontinued pH-stat management.
This ACP flow rate correlates with cerebral blood flow of 24
mL · kg1 · min1, as measured with a carotid flow probe.13 In
his study we found that an ACP flow rate of 40 mL · kg1 · min1
orresponded with cerebral flow rates of 19 to 24 mL · kg1 · min1
nd cerebral capillary oxygen saturations of 50% to 70%. Lower
ow rates resulted in cerebral capillary oxygen saturations of less
han 40%, reflecting unacceptable tissue ischemia. Near-infrared
pectroscopy measurements by others demonstrate the need for
egional perfusion of 20 mL · kg1 · min1 to maintain baseline
erebral saturations in neonates undergoing regional low-flow
erfusion.6
The piglets were then rewarmed to 37°C by using a combined
H-stat and alpha-stat strategy for arterial blood gas management.
hey were weaned from bypass, and hemoconcentration was per-
ormed to achieve a hematocrit value of 45%. The piglets were
xtubated and allowed to recover for 6 hours before death.
istology
iglets were killed with sodium pentobarbital and phenytoin (Eu-
hanol; MTC Pharmaceuticals, Cambridge, Ontario, Canada) and
erfused with 1 L of chilled saline and 1 L of 4% paraformalde-
yde. Brains were removed and immersed overnight in 4% para-
ormaldehyde for fixation. Five-millimeter coronal blocks were cut
nd routinely processed into paraffin. Sections were cut from each
lock at a thickness of 5 m and either stained with hematoxylin
nd eosin (H&E) or reserved for immunohistochemistry.
mmunohistochemistry
araffin sections were rehydrated, treated with 0.5% H202 for 30
inutes to inactivate endogenous peroxidases, and blocked with
% horse serum for 30 minutes. Primary antibody to caspase 3
rabbit monoclonal, 1:2000; PharMingen, San Diego, Calif) or
ytochrome c (mouse monoclonal, 1:200; Santa Cruz Biotechnol-
gy, Santa Cruz, Calif) was added and incubated for 2 hours. After
ncubation with the species-appropriate secondary IgG antibody
Vector Laboratories, 1:200) for 45 minutes, the sections were
ashed and incubated with an avidin-biotin complex (ABC 1:100,
ector Laboratories), and immunoreactivity was visualized with
,3= diaminobenzedine tetrahydrochloride (Sigma, St Louis, Mo).
or negative controls, the primary antibody was omitted.
ounting Protocol
en randomly generated 400 fields of H&E-stained caudate
ucleus, putamen, hippocampus, cortex, and cerebellum were ex-
mined for each animal by using bright-field microscopy. All
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Plides were blinded before examination by a pathologist. Cell
njury was defined as necrotic or apoptotic by morphology, and
ounts were averaged for the ten 400 fields. Necrotic cells were
dentified on the basis of pyknotic or absent nuclei and shrunken
ypereosinophilic cytoplasm and angular cell margins. Apoptotic
ells had fragmented or condensed nuclei with shrunken cytoplasm
nd rounding of cytoplasmic margins. Positively stained cells for
ctivated caspase 3 and cytochrome c translocation were counted
n a similar manner in caudate nucleus, putamen, neocortex, hip-
ocampus, and cerebellum by a blinded observer. Cytochrome c
elease from mitochondria was counted when staining was distrib-
ted diffusely through the cytoplasm.
tatistical Analysis
ata are presented as means  the standard error of the mean.
ne-way analysis of variance with the post-hoc Newman-Keuls
Figure 1. A, Schematic illustration of a typical corona
injured neurons after hematoxylin and eosin staining,
striatum, with scattered injury in the cortex. B, Piglets u
significantly more histologic injury compared with tha
(ACP); 29 vs 4 apoptotic or necrotic cells per high-powe
between piglets undergoing DHCA and piglets undergo
mean. Control piglets had less than 1 apoptotic cell per H
DHCA, n  7 piglets undergoing ACP, and n  5 control
in which we quantified cell death. Photomicrographs fro
in putamen with inset at 400 (C) and apoptotic neuronsest was used to compare results between groups. Statistical anal- a
The Journal of Thoracicses demonstrated no significant differences in the histology of
rains of the control piglets that underwent cannulation with
nesthesia and those of control piglets that did not. Therefore these
nimals (n  5) were pooled into a single control group for
istology but kept as 2 distinct groups for immunohistochemistry.
esults
his neonatal piglet model of CPB enabled documentation
f cellular injury caused by DHCA. Figure 1, A, is a schematic
llustration of a coronal brain section depicting regions of
njury after H&E staining. Damage was predominantly in
he striatum, with isolated multifocal areas of cortical in-
ury. Representative photomicrographs of brain injury com-
rised of both necrosis and apoptosis are shown in Figure 1,
and D. Injured cells included mainly neurons but also some
in section scanned at 100 showing localization of
arked by red dots. Significant injury was found in the
going deep hypothermic circulatory arrest (DHCA) had
n in piglets undergoing antegrade cerebral perfusion
d [HPF] in caudate nucleus and putamen. *Comparison
CP, P  .03. Error bars indicate standard error of the
here was a total of 18 piglets (n  6 piglets undergoing
ts). Squares in panel A represent typical striatal regions
se regions in 2 different piglets show necrotic neurons
utamen with inset at 400 (D). Scale bar  50 m.l bra
as m
nder
t see
r fiel
ing A
PF. T
pigle
m the
in pstrocytes and microglia. Although not quantified separately,
and Cardiovascular Surgery ● Volume 131, Number 3 661
b
i
i
a
i
o
7
t
T
f
C
n
h
fi
t
i
p
e
a
a
p
c
s
I
a
b
c
F
t
p
.
2
Cardiopulmonary Support and Physiology Chock et al
6
CSPoth necrotic and apoptotic injury was seen. In more severely
njured piglets, extensive cellular changes were seen not only
n the striatum but also minimally in the cortex, cerebellum,
nd hippocampus. However, because of the limited amount of
njury in these regions, analysis was restricted to the striatum.
Cellular damage in the striatum, as determined by means
f bright-field examination of H&E-stained sections, was
-fold higher in piglets undergoing DHCA compared with
hat seen in piglets undergoing ACP (P  .03; Figure 1, B).
issues from one piglet in the DHCA group had severe
reeze artifact and was excluded from the histologic study.
ontrol piglets that were anesthetized and cannulated but
ot started on CPB (n 2) and normal control piglets (n 3)
ad an average of less than 1 apoptotic cell per ten 400
elds. Injury in piglets undergoing DHCA was a combina-
ion of necrosis and apoptosis, whereas in piglets undergo-
ng ACP, our pathologist’s impression was that injury ap-
Figure 2. Piglets undergoing deep hypothermic circul
staining for activated caspase 3 (A), whereas piglets
caspase 3 staining (B), and naive control piglets have
at 400 in striatal tissue (scale bar  50 m). Piglets
caspase 3 (*P  .001) compared with piglets undergoin
of 10 high-power fields (HPF) counted per piglet in cau
piglets undergoing ACP, n 2 anesthesia control pigle
Error bars indicate standard error of the mean.eared mostly apoptotic by morphology. p
62 The Journal of Thoracic and Cardiovascular Surgery ● MarcFigures 2, A through C, and 3, A through C, show differ-
nces in the intensity of immunostaining in the striatum for
ctivated caspase 3 and cytochrome c in the DHCA, ACP,
nd control groups. Both neurons and glial cells showed
ositive staining for activated caspase 3, whereas cyto-
hrome c–positive cells were neurons. Control piglets
howed minimal positive staining cells for either antibody.
mmunostaining was also done in the hippocampus, cortex,
nd cerebellum, but because of the milder injury in these
rain regions, differences did not reach statistical signifi-
ance (data not shown).
Quantification of immunohistochemistry is shown in
igures 2, D, and 3, D. Piglets undergoing DHCA had more
han 1.5 times more activated caspase 3–positive cells com-
ared with those seen in piglets undergoing ACP (P 
001). Similarly, piglets undergoing DHCA had more than
.5 times more cells with cytochrome c translocation com-
arrest (DHCA) exhibit widespread positive immuno-
rgoing antegrade cerebral perfusion (ACP) have less
minimal staining (C). All photomicrographs are taken
rgoing DHCA had significantly more cells positive for
P (D). There was a total of 19 piglets with an average
and putamen (n  7 piglets undergoing DHCA, n  7
rl anesth], and n 3 naive control piglets [Ctrl naive]).atory
unde
very
unde
g AC
date
ts [Ctared with those seen in piglets undergoing ACP (P  .02).
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Pdifference was suggested between the control groups for
ctivated caspase 3 and cytochrome c immunostaining. There
as a trend toward more staining for activated caspase 3 and
reater cytochrome c translocation in control piglets that
nderwent cannulation after achievement of anesthesia
ompared with that seen in the completely naive piglets.
oth control groups had significantly less staining for both
ntibodies when compared with that seen in piglets under-
oing DHCA (P  .05) but not when compared with that
een in piglets undergoing ACP.
iscussion
e demonstrated that the technique of ACP reduced apo-
totic brain injury compared with DHCA in a neonatal
iglet model of CPB. Furthermore, apoptotic injury oc-
urred primarily in the striatum of the brain. In addition, we
ound decreased activated caspase 3 and cytochrome c
mmunostaining in the piglets undergoing ACP.
Other porcine models of CPB have also found less severe
njury in a regional low-flow perfusion group.5,14 In an adult
ig model of hypothermic ACP, Hagl and colleagues5 found
arlier electroencephalographic recovery and lower intra-
ranial pressure increase compared with that seen in their
igs undergoing 90 minutes of DHCA. During a neonatal
iglet study with 90 minutes of DHCA, a cerebral flow rate
f 10 mL · kg1 · min1, and a 7-day recovery period,
yung and associates14 found a trend toward less severe
njury in their ACP group by means of H&E staining and
ecreased apoptosis by means of TUNEL staining. We
hose a more clinically relevant time for DHCA of 45
inutes, an ACP flow rate of 40 mL · kg1 · min1, and an
arlier 6-hour time point to analyze histologic injury. We
lso used more specific measures of apoptosis: activated
aspase 3 analysis and cytochrome c analysis.
Length of circulatory arrest, duration of recovery, and
egree of cerebral perfusion are key variables differentiat-
ng our model from others. In an adult pig model of DHCA,
t takes at least 75 to 90 minutes of hypothermic circulatory
rrest to consistently produce cerebral damage by histopa-
hology.5 Perhaps longer arrest times would have resulted in
ncreased injury in additional brain regions and even more
ronounced protection in our ACP compared with DHCA
roups. Similarly, after flow is restored after bypass, brain
xygen levels still remain decreased, even at 2 hours of
ecovery.15,16 As injury continues to evolve beyond a
-hour recovery, delayed effects, such as inflammation, will
equire analysis with longer survival intervals. Inflamma-
ory mediators contributing to brain injury might not peak
ntil 72 hours to 1 week after injury.17
In this global model of brain ischemia, we demonstrated
selective vulnerability by brain region, with striatum being
he most sensitive to injury. Other investigators using this
iglet model saw more cortical and hippocampal injury and d
The Journal of Thoracicess striatal injury9,10; however, they used a 90-minute
HCA time. Different mechanisms of neuronal injury might
ccur in different selectively vulnerable brain regions at
arious times. Striatum is involved in control of motor
ehavior and is especially vulnerable to hypoxic-ischemic
njury in the neonate.18 Indeed, after severe perinatal as-
hyxia in term infants, characteristic injury occurs in the
asal ganglia region, as determined by means of magnetic
esonance imaging.19 Consistent with our findings, signifi-
ant striatal damage occurs after cardiac arrest in newborn
iglets.20
Several mechanisms might account for striatal vulnera-
ility in our model. Increased levels of striatal dopamine, a
ediator of neuronal injury, and increased striatal orthoty-
osine, a measure of free radical generation, were reported
n a piglet model of DHCA in comparison with a low-flow
ypass condition.21 Others have further shown the dopami-
ergic system of piglet striatum to be very sensitive to local
xygen pressure, with extracellular dopamine increasing as
issue oxygenation decreases.22,23 Increased striatal dopa-
ine after hypoxia and ischemia in piglets was also asso-
iated with decreased cAMP response element binding pro-
ein (CREB) phosphorylation24 and suppression of Na,

-adenosine triphosphatase activity,25 mechanisms poten-
ially contributing to neuronal death in this region. After
ypoxia-ischemia, altered N-methyl-D-aspartate (NMDA)
eceptors and decreased intracellular calcium clearance are
lso found in piglet striatum, implicating excitotoxic injury
s an additional factor in striatal vulnerability.26,27 In addi-
ion to excessive dopaminergic excitatory activity, after a
ypoxic insult, neonatal piglet striatal neurons express al-
ost no heat shock protein 72, suggesting that protective
echanisms in this brain region at this developmental stage
re limited.26,28
Although apoptosis can be identified on the basis of
ypical changes in cellular morphology and DNA fragmen-
ation, these characteristics are not entirely specific for
poptosis. In the setting of ischemia, mixed and intermedi-
te morphologies are often observed. Therefore we investi-
ated several key apoptotic proteins. Cytochrome c is trans-
ocated from dysfunctional mitochondria into cell cytoplasm
n response to ischemia activating the intrinsic pathway of
poptosis.29 It forms a complex with Apaf-1, which acti-
ates caspase 9 to activate caspase 3. Caspase 3 can then
nitiate cleavage of DNA. We found significantly increased
ells with activated caspase 3 and translocated cytochrome
in the DHCA group of piglets compared with that in the
CP group at 6 hours of reperfusion, suggesting that the
rotective effects of ACP might be due to a decrease in
poptotic activity. In addition, there was no difference in
poptotic markers between the ACP and control groups,
espite increased histologic injury in the ACP group. This
iscrepancy might reflect differences in the timing of cel-
and Cardiovascular Surgery ● Volume 131, Number 3 663
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CSPular morphologic changes. Ditsworth and colleagues9 found a
imilar increase in caspase 3 activity from 4 to 72 hours
fter DHCA in piglets, whereas cytosolic cytochrome c
evels, as determined by means of Western blotting, peaked
t 1 hour after DHCA and remained mildly increased for up
o 72 hours. Their study further found an increase in caspase
levels at 24 hours of reperfusion after DHCA.9 This
nding might reflect an additional contribution to apoptosis
hrough the extrinsic pathway and might be related to later
nflammatory effects of DHCA, which we were unable to
ssess with our early 6-hour reperfusion time point.
Both apoptosis and necrosis occur in striatum after tran-
ient global ischemia, although it is impossible to distin-
uish between these 2 histologic injuries on the basis of
linical outcome alone.11 Neurologic injury is typically a
pectrum between apoptosis and necrosis. However, apo-
tosis tends to occur in regions with less severe ischemia,30
Figure 3. Piglets undergoing deep hypothermic circul
translocated cytochrome c (A), whereas piglets unde
cells with cytochrome c staining (B), and naive contro
are taken at 400 in striatal tissue (scale bar  50 
positive for cytochrome c (*P  .02) compared with th
19 piglets with an average of 10 high-power fields (HPF
undergoing DHCA, n  7 piglets undergoing ACP, n 
control piglets [Ctrl naive]). Error bars indicate standahereas necrotic injury is the form of neuronal death in n
64 The Journal of Thoracic and Cardiovascular Surgery ● Marciglet striatum after severe asphyxic cardiac arrest.31 Al-
hough not quantified, the observation that piglets undergo-
ng DHCA had more necrotic cells and piglets undergoing
CP had more apoptotic cells further supports the attenua-
ion of brain injury caused by ACP.
As an animal model, our study is subject to several
xperimental constraints. As previously discussed, the ben-
fit of using ACP in our model is restricted by a shorter
irculatory arrest time and early survival time point. Al-
hough clinically relevant, our relatively short circulatory
rrest time of 45 minutes might preclude assessment of the
rotective effects of ACP when typical time limits have
een exceeded during surgical repair. Histologic evaluation
t 6 hours of survival prevents us from analyzing the evo-
ution of apoptosis in multiple brain regions. Furthermore, it
s unclear to what extent increased apoptotic brain injury
orrelates with clinical deficits of motor integration and
arrest (DHCA) exhibit increased immunostaining for
g antegrade cerebral perfusion (ACP) showed fewer
lets had only minimal staining (C). Photomicrographs
iglets undergoing DHCA had significantly more cells
seen in piglets undergoing ACP. There was a total of
nted per piglet in caudate and putamen (n  7 piglets
esthesia control piglets [Ctrl anesth], and n  3 naive
ror of the mean.atory
rgoin
l pig
m). P
ose
) cou
2 an
rd ereurologic function in our model. In a similar piglet model
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Pf DHCA, despite ongoing histologic cell death, neurologic
unction improved over a 7-day survival period.10 In addi-
ion, species differences might limit application of our find-
ngs to human neonates with congenital heart disease, al-
hough piglet size and brain maturation is similar to that of
he term human newborn.8
Our study supports the use of ACP during hypothermic
PB in this piglet model by a reduction in histologic injury
nd specific apoptotic markers. Moreover, striatum was the
ost vulnerable brain region to injury, a finding consistent
ith known patterns of hypoxic-ischemic injury in the ne-
nate. Application of our model with longer survival peri-
ds and investigation of other markers of injury at later time
oints might yield additional insight into the protective role
f ACP and the mechanism of cerebral injury during CPB.
We thank Sandy Perez for assistance with manuscript prepara-
ion, Beth Hoyte for help with the figures, and Pauline Chu for
aking paraffin sections.
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